21 ions cause severe damages to living cells. In particular, our previous study showed that the Orai-STIM1 (stromal interacting protein 1)-formed store-operated Ca 21 channels (SOCs) allow Pb 21 entry. In relation to this, the present study investigates the molecular gating mechanism of Pb 21 entry by Orai1 with STIM1, as well as the resulting cytotoxicity on human embryonic kidney HEK293 cells. The store-operated Ca 21 entry (SOCE, activity of SOCs) and Pb 21 entry were measured using the fura-2 imaging method and indo-1 quenching strategy, as well as through an atomic absorption spectrophotometer. The results of RT-PCR, Western blot, fast confocal, and fluorescent lifetime imaging microscopy indicated the endogenous expression of Orai1 and STIM1 in HEK cells and the functional interaction between these two proteins during SOCE. Both SOCE and Pb 21 entry largely increased when Orai1 and STIM1 were overexpressed (3-and 1.64-folds, respectively) compared with nonfluorescent cells, and they were significantly attenuated when the E106Q mutation of Orail with STIM1 was cotransfected (6-and 2.25-folds decrease, respectively) compared with Orai1-STIM1 coexpressed cells. The ion gating for Pb 21 could be governed by the E106 region of Orai1. After sorting and subsequent cultures, the Orai1-STIM1 positive expressed cells behaved more sensitively to Pb 21 than the Orai1-STIM1 negative cells. In summary, the data suggest that Orai1, together with STIM1, plays a critical role in Pb 21 entry and the toxicity of Pb 21 .
Divalent lead ions (Pb 2þ ), one of the most toxic heavy metals, are harmful to almost every living organism (Järup, 2003) . Owing to the ability of Pb 2þ to mimic Ca 2þ and other life-essential metal ions such as Fe 2þ and Zn 2þ (Bridges and Zalups, 2005) , several proteins have been considered as possible Pb 2þ targets within cytosol. These proteins include the calcium binding calmodulin, protein kinase C, phospholipase, and synaptotagmin (Garza et al., 2006; Godwin, 2001) , as well as the iron binding 5-aminoaevulinic acid dehydratase (Warren et al., 1998) . Therefore, Pb 2þ ions not only interfere with the normal functions of neurotransmission within the neural tissues by increasing neurotoxicity (Garza et al., 2006; Suzkiw, 2004) , but they also block the ion exchange capability of red blood cells and kidney cells, thus causing anemia and kidney-related diseases (Godwin, 2001; Soblic, 2006) . According to the above concept of ion mimicry, plasma membrane proteins such as ion channels, transporters, or exchangers might be involved in the cytosolic entry of Pb 2þ (Godwin, 2001) . However, the exact molecular gateway(s) for Pb 2þ entry has not been known so far.
The search for the essential players involved in storeoperated Ca 2þ channels (SOCs) has led to the identification of several important proteins, namely, transient receptor potentials (TRPs) (Ambudkar et al., 2007; Parekh and Putney, 2005) and Orai1 (or CRACM1) Vig et al., 2006) that exist in the plasma membrane, and the stromal interacting protein 1 (STIM1) (Luik et al., 2006) present in the endoplasmic reticulum (ER) membrane. It was noticed that the ER protein STIM1 can translocate to interact with Orai1 (Luik et al., 2006; Muik et al., 2008) , with TRPC1 (Alicia et al., 2008; Liao et al., 2007) , or both Liao et al., 2008; Ma et al., 2008; Ong et al., 2007) during the activation of SOCs. In 1997, Kerper and Hinkle first reported that the activation of SOCs enhanced Pb 2þ entry (Kerper and Hinkle, 1997a, b) . In our recent study, Orai1 together with STIM1 was further shown to functionally construct SOCs and to be responsible for the entry of Pb 2þ directly into the living cells (Chang et al., 2008) . However, identifying which pore region is responsible for gating the entrance of Pb 2 and the exact entry mechanism remain unclear. The first extracellular loop of the human Orai1 (E106) has been identified as the pore region for selecting/ gating the Ca 2þ ions Lis et al., 2007; Prakriya et al., 2006; Vig et al., 2006) . Thus, it would be interesting to determine whether this region also plays a similar role in selecting Pb 2þ ions during lead entry.
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In this study, we used human embryonic kidney HEK293 cells as a renal model to investigate both the role of Orai1 and STIM1 on the entry of Pb 2þ and the effect of Pb 2þ entry on cell viability. We showed that HEK cells endogenously expressed all of the known essential SOC channel proteins. Likewise, we suggested that the depletion of the ER Ca 2þ stored by thapsigargin (TG) significantly enhanced Pb 2þ entry. Furthermore, the expression of a site-directed point mutation (E106Q) of Orai1 was found to attenuate the amount of Pb 2þ entry. Finally, the cytotoxic effect of Pb 2þ on HEK cells evaluated by cell proliferation assay indicated the correlation between Pb 2þ entry and cell viability. These findings revealed the importance of SOC proteins on Pb 2þ entry and the resulting cytotoxicity.
MATERIALS AND METHODS
Reagents and cell culture. All reagents were purchased from Sigma Chemical Company (St Louis, MO) unless otherwise indicated. The horse serum and fetal bovine serum used for culturing the cells were purchased from Hyclone (Logan, UT). LipofectAmine-2000, which was used for transfection, was obtained from Invitrogen (Gaithersburg, MD).
Human embryonic kidney HEK293 cells from the American Type Culture Collection (ATCC, Rockville, MD) were used in this study. For the interaction of enhanced green fluorescent protein (EGFP)-Orai1 and STIM1-mOrange (mOrange at C-terminal to face cytosol) under lifetime imaging, rat pheochromocytoma PC12 cells were used (Chang et al., 2008) . The cell culture method for RNA extraction, transfection, sorting, and microscopic cell imaging was performed as previously described by Yang et al. (2004) and Chang et al. (2008) .
Measurement of store-operated Ca 2þ entry (SOCE) and drug treatments. A live cell imaging method using the fluorescent indicator fura-2 (Molecular Probes, Invitrogen) as performed by Yang et al. (2003) and Chang et al. (2008) was applied to detect the increase in cytosolic [Ca 2þ ] i . The complete protocol in assaying the functional activity of SOCs in terms of the store-operated Ca 2þ entry (SOCE) has been described in a previous report of Chang et al. (2008) . Briefly, around 1 x 10 5 of fura-2 loaded cells cultured in a 22-mm coverslip were bathed with TG (an inhibitor of ER Ca 2þ ATPase) in Ca 2þ free solution. The procedure was performed to empty Ca 2þ within the ER and to subsequently allow the opening of the SOCs. Thus, the increase in cytosolic Ca 2þ in the presence of extracellular Ca 2þ within living cells represents the SOCE.
Although carrying out the fura-2 for SOCE or indo-1 for the Pb 2þ entry live cell imaging, specific agents were bathed in a solution such as TG (1lM) or 2-aminoethoxydiphenyl borate (2-APB) (50lM). Small amounts of the solutions were introduced by microejection using a micropipette filled with a 2.2mM Ca 2þ buffer for SOCE or 100lM Pb 2þ buffer for the initial lead entry. The microinjection was performed by a picospritzer for a defined time period as indicated in the bar: 30 s for both SOCE and lead entry (Chang et al., 2008) .
Measurement of Pb
2þ entry. The fluorescent indicator indo-1 (Molecular Probes, Invitrogen) was used to monitor the cytosolic entry of Pb 2þ (Chang et al., 2008; Kerper and Hinkle, 1997a, b) . Briefly, the cells were stained with 5lM of the AM form of indo-1 in the loading buffer for 30 m at 37 o C, then they were mounted in a recording chamber on an inverted microscope (IX-71, Olympus, Japan) and 403 oil objectives (NA ¼ 1.35, U/340, Olympus). The images of the indo-1 (excited at 340 nm, F 340 ; emission at 450/50M for the Pb 2þ sensitive/Ca 2þ insensitive wavelength) were illuminated by a xenon lamp within a monochrometer (Polychrome II, T.I.L.L. Photonics, Germany), collected by a high-speed cooled CCD camera (MicroMAX: 782YHS, Roper Scientific, Inc., Trenton, NJ, or Orca ER AG, Hamamatsu, Japan), and recorded using a SimplePCI 6.0 (Compix Inc., Imaging Systems, Hamamatsu Corporation, Sewickley, PA). The entry of Pb 2þ (F 340 /F o ) was represented through reverse plotting, whereas the value was calculated after normalization (1 À F 340 /F o ).
The atomic absorption (AA) spectrophotometer (Analyst 800, Perkin Elmer, Shelton, CT) was also used to detect [Pb 2þ ] i according to the standard operation procedure described by Burtis and Ashwood (1999) and routinely performed in the Department of Pathology and Laboratory Medicine of the Taipei Veterans General Hospital.
Gene expression of Orais and STIMs. Reverse-transcript PCR (RT-PCR) of Orai1 and STIM1 present in HEK cells was performed according to the previously described procedures including primer design, the general protocol for RNA extraction, and cDNA construction (Chang et al., 2008; Liao et al., 2007) . Finnzymes PCR reagents (Finnzymes OY, Finland) were used to perform the RT-PCR reactions.
The antibodies of Orai1 (ProSci), 2 (ProSci), and 3 (Abcam, Cambridge, UK) and STIM1 (BD Biosciences, San Jose, CA) and 2 (Abcam) were used in the Western blot analysis to reveal the protein expression status of Orais and STIMs within the HEK293 cells. The procedures followed the prescribed procedures of Woodard et al. (2008) .
Gene manipulations of Orai1 and STIM1. The plasmids EGFP-mycOrai1 and mCherry-STIM1 were provided by Professor Lewis (Luik et al., 2006) . Meanwhile, the gene of STIM1-mOrange was provided by Professor Xu (Li et al., 2007) .
To construct a point mutation of Orai1 at position 106, the site-directed mutagenesis was applied to produce E106Q from the wild-type of the Orai1 protein gene Lis et al., 2007; Vig et al., 2006) . The DNA fragments containing point mutations that were generated using the forward primer 5'-gAgCCgCgCCAAgCTTAAAgCC-3' and the mutation containing the reverse primer E106Q (NcoI-) 5'-CTgCACCTgCACCATTgCCACCATTgCgAAgCC-3' with EGFP-myc-Orai1 were used as a template. Each resultant PCR product served as a mega-primer for the second round of PCR using the reverse primer 5'-gAATTCgAAgCTTgAgCTC-3'. Finally, the PCR product was digested with HindIII and ligated into EGFP-myc-Orai1.
The wild-type or point-mutated (E106Q) type of EGFP-Orai1 was cotransfected with mCherry-STIM1 into the cells (Chang et al., 2008) . These cells were used in related experiments 2 days after the transfection.
The fluorescent-activated cell sorting technique (FACS Area, BD Biosciences) was applied to further isolate and culture the EGFP-Orai1 (wild-type or mutant type)/mCherry-STIM1 double positive (coexpressed) HEK cells for cytotoxicity testing by Pb 2þ under the dimethylthiazol-diphenyltetrazolium bromide (MTT) method.
Protein-protein interactions of Orai1 and STIM1. Transfected cells containing EGFP-myc-Orai1 and mCherry-STIM1 were imaged using a fast line-scanned CLSM (LSM 5 LIVE, Zeiss, Germany) with 63X oil objectives (NA ¼ 1.4, Zeiss) on an inverted microscope (Axio Observer Z1, Zeiss). To excite the EGFP-myc-Orai1 and mCherry-STIM1, a 488-nm laser (100 mW) and a 561 nm laser (40 mW) were used. Thirty or more optical sections were acquired by the confocal laser scanning at 0.3-lm thickness for each section.
Fluorescence lifetime imaging microscopy (FLIM) was applied in this study to measure the fluorescence resonance energy transfer (FRET) between EGFPOrai1 and STIM-mOrange (Lee et al., 2008a, b) with some modifications: a picosecond diode pulse laser (LDH-P-C-470, PicoQuant, Germany) mounted to a confocal scanning system (FV300 on IX70, Olympus, Japan) was used as the excitation source, and a time-correlated single photon counting board (TimeHarp 200, PicoQuant) was used for the picosecond time-resolved measurements. The lifetime images of EGFP-Orai1 within the STIM1-mOrange cotransfected PC12 cells were acquired and analyzed by the SymPhoTime (PicoQuant) software.
MTT assay. The cell viability assay using an MTT assay (Yang et al., 2004) was performed 48 h after various concentrations of Pb 2þ were applied. Briefly, the cells were seeded on 24-well plates at a density of 2 3 10 4 cells per well in a medium, followed by treatment with 0.25 mg/ml MTT for 4 h at 37°C. The reaction was terminated by the addition of 100% isopropanol. The amount 354 CHIU ET AL. of MTT fromazon product was determined using a microplate reader, whereas the absorbance was measured at 560 nm (SpectraMax 250, Molecular Devices, Sunnyvale, CA).
Data analysis and statistics. All of the experiments were carried out from at least three different sets of cell samples, and they were repeated thrice. The data gathered from the different batches were put together to calculate the increased Ca 2þ entry (SOCE), the amount of Pb 2þ entry, and the cell viability. Significant changes were indicated based on a p value calculated using the Student's t-test or two-way ANOVA with post hoc testing with the values set at * for p < 0.05, ** for p < 0.005, and *** for p < 0.0005.
RESULTS

Pb
2þ is known to induce severe toxicity in human renal systems (Soblic, 2006) . In our previous study, Orai1-STIM1-formed SOCs were identified as the gate for Pb 2þ entry into PC12 and HELA cells (Chang et al., 2008) . Recognizing that Pb 2þ entry is the first step in Pb 2þ toxicity, we not only investigated the functional interaction between Orai1 and STIM1, but also further explored the possible molecular gating mechanism of Pb 2þ entry corresponding to the major toxicity of Pb 2þ on HEK293 cells.
Endogenous Activity of SOC in HEK293 Cells
The activity of SOCs, SOCE when the solution with 2.2mM of Ca 2þ was ejected from a micropipette into the SOCE agent TG-bathed buffer for 30 s in HEK293 cells is shown in Figure  1 (open circle in Fig. 1A ). The general blocker of SOCE, 2-APB, completely abolished the SOCE of the HEK cells (closed triangle in Fig. 1A ). The statistical data on SOCE ( 
Vital Role of SOCs in Pb 2þ Entry
To monitor the entry of Pb 2þ into living HEKs, we used the indo-1 quenching method in combination with a microscopic imaging system when the Ca 2þ free solution with 100lM of Pb 2þ was ejected from a micropipette into the control buffer for 30 s (Chang et al., 2008; Kerper and Hinkel, 1997a, b) . The indo-1 quenching measured value showed the qualitative amount of Pb 2þ entry with a time-lapse fluorescent image recording, which is normalized (F 340 /F 0 ) and reverse plotted in Figure 2A . The statistical data on the amount rate of Pb 2þ entry at the end of the time point of 180 s are further summarized in Figure 2B .
On the other hand, the amount of Pb 2þ entering the HEK cells was alternatively measured using AA spectroscopy (see Fig.  2C ). In both indo-1 imaging and AA spectroscopy, the SOC inhibitor 2-APB was found to decrease the entry of Pb 2þ ; in fact, it was almost completely blocked in indo-1 imaging (Fig. 2B ) and differentially attenuated in AA (Fig. 2C , 1-h incubation with 50 or 500lM of Pb 2þ ). The differential inhibition under the AA method could be due to the fact that the limitation of the tool in measuring the sensitivity of AA for Pb 2þ ions was almost reached. This is despite the fact that this tool can measure the absolute concentration of Pb 2þ inside the cells, which is a better measurement compared with the relative amount of Pb 2þ measurement in live cell Pb 2þ imaging. From these data, it is suggested that most of cytosolic Pb 2þ entry into HEK293 cells might possibly be through endogenously expressed SOCs.
Endogenous Expression of Orai/CRACM and STIM Genes
As described in the Introduction, the molecular components of SOCs were proposed as Orai1 (or CRACM1) and/or TRPC1 with STIM1 (Chang et al., 2008; Liao et al., 2007) . We tested the expression status of Orais (Orai1, 2, and 3) and STIMs (STIM1 and 2) within endogenous HEK293 cells. The mRNA expression of the various forms of Orais and STIMs using the RT-PCR method is shown in Figure 3A . The protein expression Figure 3B . The results indicate that the HEK293 cells express all SOC-related proteins Orai1, 2, 3, STIM1, and STIM2.
Orai1-STIM1 Interaction during ER Ca 2þ Depletion
To further investigate the subcellular distribution and protein-protein interaction of the SOC proteins, to observe the dynamic spatial localization of EGFP-Orai1 and mCherry-STIM1, and to obtain the fluorescent lifetime imaging maps of EGFP-Orai1 under resting or store-operated states, respectively, we utilized light sheet-based fast confocal microscopy (fCLSM) and FLIM.
Orai1 was generally expressed all over the plasma membrane with some amount of protein present in the endosome-like compartments (upper left green color in Ctl of Fig. 4A ). On the other hand, the localization of mCherry-STIM1 was found to cover nearly the whole ER membrane space inside the cells (upper middle red color in Ctl of Fig.  4A ). The store-operated agent TG not only significantly changed the distribution of STIM1 from being ER membrane-like into a plasma membrane patch-type cluster (lower middle red color in TG of Fig. 4A ), but also changed the distribution of Orai1 in the plasma membrane from a generally diffused pattern into a membrane patch structure (lower left green color in the TG of Fig. 4A ). The merged fCLSM image data shown in Figure 4 (right merged Ctl and TG in Fig. 4A with Movies 1S and 2S) further indicated a trend towards interaction between these two SOC essential proteins when SOC activation occurs.
By using the FLIM platform, the fluorescent lifetime of EGFP-Orai1 within STIM1-mOrange cotransfected cells (Fig.  4B ) was found to attenuate by 229 ps under TG treatment (lower right in TG of Fig. 4B ; 2362 ps) compared with the control (upper right in Ctl of Fig. 4B ; 2591 ps). Together with the merged fCLSM images and FLIM data, the protein-protein interactions between Orai1 and STIM1 were clearly revealed under the activation of SOCE.
Inhibition of SOCE and Pb 2þ Entry by Coexpressing Mutant Orai1 (E106Q) with STIM1
Recent reports have demonstrated that certain positions such as E106 and E190 within Orai1 might play an essential role in Ca 2þ selection Lis et al., 2007; Vig et al., 2006) . We tested the possibility that the E106 position of Orai1 together with STIM1 may also play a role in Pb 2þ selection and entry (Fig. 5) Fig. 5A , and open circle for Pb 2þ entry in Fig. 5D ) with that of the wild-type Orai1 and STIM1 cotransfected ones (closed triangle for SOCE in Figs. 5A and 5B, and closed triangle for Pb 2þ entry in Figs. 5D and 5E), as well as with that
The SOC inhibitor 2-APB prevented Pb 2þ entry. In (A), the Pb 2þ entry in living HEK293 cells was measured by recording the photoquenching of indo-1 fluorescence. In B, the amount of Pb 2þ entry was calculated through the normalized indo-1 fluorescent value at the end of the recording time point (180 s) in cells without (Ctl in white empty bar) or with 2-APB pretreatment (fine striped bar). In C, Pb 2þ entry was alternatively measured by AA spectroscopy at 1-h incubation of Pb 2þ (50 or 500lM), pretreated without (Ctl in white empty bar) or with 2-APB (fine striped bar).
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of the point mutation-type Orai1 (E106Q) and STIM1 cotransfected ones (closed circle for SOCE in Fig. 5B ; and closed circle for Pb 2þ entry in Fig. 5E ). The relative amounts of Pb 2þ entering the living cells from various conditions (e.g., nonfluorescent but transfected control and wild-type Orai1-STIM1 coexpressed with or without TG) are compared in Figure 5D . It was found that the Pb 2þ entry rate gradually increased in the following order: nonfluorescent control (Ctl, open circle), activated SOCs under TG pretreatment (Ctl þ TG, open star), Orai-STIM1 coexpressed (Orai1 þ STIM1, closed triangle), and the activated Orai1-STIM1 constructed SOCs under TG treatment (Orai1 þ STIM1þTG, closed star). These results suggest that activating SOCE (TG treatment) from whatever endogenous or Orai1-STIM1-constructed SOCs can enhance Pb 2þ entry. Fig. 6A ). The SOC blocker 2-APB significantly reversed the antiproliferation effect of Pb 2þ ions (closed triangle in Fig. 6A ). The above Pb 2þ entry data, together with the MTT result, indicate that the SOCs corresponding to Pb 2þ entry might be correlated to the toxicity of Pb 2þ on HEK cells. We applied the flow sorter to purify the Orai1-STIM1 coexpressed cells as well as nonexpressed cells (nonfluorescent after transfection treatment). These cells were treated with various amounts of Pb 2þ (0, 50, and 100lM) for 48 h and were tested for cell viability (Fig. 6B ). As described in Table 1 Fig. 6B . The result showed that Orai1-STIM1 overexpressed cells (closed down triangle) were more sensitive to Pb 2þ toxicity compared with the nonexpressed ones (filled diamond, * in 50lM and *** bathed in 100lM of Pb 2þ ), suggesting that Orai1 plays an important role in the entry of Pb 2þ and is therefore responsible for the cytotoxicity of Pb 2þ in view of its role in the construction of the ion entry channel.
DISCUSSION
Exposure to lead ions (Pb 2þ ) emitted through industrial production and other environmental sources causes damage to many types of human cells/tissues, especially the red blood cells, as well as the cells of the nervous system (Garza et al., 2006; Godwin, 2001; Suzkiw, 2004) and the renal system (Soblic, 2006) . This study, in consonance with our recent report (Chang et al., 2008) , proved that Orai1-STIM1-formed SOCs could be one of the general gateways for the cytosolic entry of Pb 2þ ions (Figs. 2 and 5) . We further found a correlation between the Pb 2þ -associated effect on cell damage/viability and the amount of Pb 2þ entering through Orai1-STIM1-constructed ion channels (Fig. 6) .
SOCs are unique types of Ca 2þ channels composed of multiple protein elements (Putney, 2007) . Although the whole 357 structural components and details of the functional mechanism of these channels are inconclusive and are still under investigation (Alicia et al., 2008; Ma et al., 2008) , at least two newly identified proteins, Orai1 and STIM1, have been suggested to be capable of forming such functional SOCs (Luik et al., 2006) . Orai1 and STIM1 are known to exist widely in almost all cell types (Putney, 2007) , including frequently used cell models such as rat adrenal pheochromocytoma PC12 cells, human epithelia carcinoma HeLa cells, and human embryonic kidney HEK293 cells as shown in Figure 3 (Chang et al., 2008; Gwack et al., 2007; Wedel et al., 2007) . The results in this report agreed with previous findings that kidney cells endogenously express all known isoforms of Orais (Orai1, 2 and 3; Gwack et al., 2007) and STIMs (STIM1 and 2; Wedel et al., 2007) . So far, Orai1 and STIM1 are believed to be the major SOC-constructed elements in HEK293 cells (Wedel et al., 2007) . FRET has been used to detect protein-protein interaction in situ for years (Chen et al., 2003; Vogel et al., 2006) . Several ways have been applied to measure FRET like intensity-and lifetime (time-resolved)-based modalities (Chen et al., 2003; Vogel et al., 2006) . For the time-resolved method with extremely high sensitivity, FRET can be evaluated by acquiring the amount of the decrease in fluorescence lifetime value of EGFP-tagged protein (donor) and comparing the nonbinding condition (unstimulated donor with acceptor, the red color fluorescent protein as FRET pair with EGFP) with the protein-binding condition (stimulated donor with acceptor) under the donor-only control background condition (Lee et al., 2008a, b; Peter et al., 2005) . We previously revealed the secretory protein interactions using this FLIM-FRET technique by analyzing the lifetime value (more than 150 ps decrease) between the control and ATP-stimulated conditions within EGFP-SNAP25 and monomeric red fluorescent proteinrabphilin coexpressed PC12 cells (Lee et al., 2008a,b) . We suggested that Orai1 interacted with STIM1 and formed a cluster structure during the activation of SOC (TG bathed) through the experimental data from FLIM-FRET (more than 200 ps decrease as shown in Fig. 4B ) and the fast confocal imaging modalities (Fig. 4A and Supplementary Movie 2S) . This protein-protein interaction between Orai1 and STIM1 under TG treatment could be an essential behavior in triggering SOCE, as well as in the enhancement of Pb 2þ entry. However, further investigations are needed to clarify the exact correlation between the two (Figs. 5A and 5D) .
A recent study has revealed that the point of mutation near the pore-forming area of Orai1 in lymphocytes is the main genetic mechanism responsible for the severe combined immunodeficiency in human patients (Vig et al., 2006) . Despite the triggered opening up of the channel Lis et al., 2007; Vig et al., 2006) , the point mutation on the identified pore-forming region E106 of Orai1 protein causes failure in the selection and gating/permeation of the second messenger Ca 2þ ions. The results, wherein the E106Q (Figs. 5C and 5F) and E190Q (data not shown) mutants of Orai1 blocked both SOCE and Pb 2þ entry into the FIG. 5. Inhibition of SOCE and Pb 2þ entry under the coexpression of mutant Orai1 (E106Q) with wild-type STIM1. In (A), the activity of the SOCE of endogenous control (nonfluorescent cells as Ctl, open circle) and that of the coexpression of Orai1-STIM1 (Orai1 þ STIM1, closed triangle) are shown. In (B), the SOCE activity after the coexpression of the wild-type Orai1-STIM1 (closed triangle) and E106Q Orai1-STIM1 (closed circle) are shown. In (C), the statistical results were used to compare the differential activity of SOCE between the control (Ctl, white bar) and wild-type Orai1 þ STIM1 (***; 3.14-fold increase from Ctl); wild-type Orai1 þ STIM1 and E106Q Orai1 þ STIM1 (***; 6.01-fold decrease). In (D), the amount of Pb 2þ that entered the control (nonfluorescent cells as Ctl, open circle), nontransfected with TG pretreated (open square), Orai-STIM1 expressed (closed triangle), and Orai1-STIM1 expressed SOCs with TG-treated cells (open square) are shown. In (E), the amount of Pb 2þ that entered the cells of coexpressed wild-type Orai1-STIM1 (closed triangle) and E106Q Orai1-STIM1 (closed circle) are shown. In (F), the statistical results were used to compare the differential amount of Pb 2þ entry between the control (Ctl, gray bar) and wild-type Orai1 þ STIM1 (**; 1.64-fold increase from Ctl), and between the wild-type Orai1 þ STIM1 and E106Q Orai1þSTIM1 (***; 2.25-fold decrease). (Bridges and Zalups, 2005) may be the probable reason for its permeability because it allowed the selection and passing of the Pb 2þ ions through the pore regions of the Orai1 channel. Because Pb 2þ entry does not need the activation of STIM1, the channel-opening mechanism of Ca 2þ entry and that of Pb 2þ entry may not be exactly the same.
The cytosolic entry of heavy metal Pb 2þ ions has been investigated using several methods like indo-1 (Chang et al., 2008; Kerper and Hinkle, 1997a, b) , AA spectroscopy (Burtis and Ashwood, 1999) , and X-ray fluorescence (in vivo, Shih et al., 2007) . Among these approaches, live cell imaging using indo-1 or related chemical probe (Chen and Huang, 2002) is by far the only kind of approach that can monitor the dynamics of Pb 2þ flow into the intact living cells in real time. However, the direction that these Pb 2þ ions follow after cytosolic entry (the subcellular accumulation issue) to exert cytotoxicity still remains to be identified. Perhaps, new fluorescent proteinbased biosensor(s) for Pb 2þ ions similar to those for Ca 2þ (Palmer and Tsien, 2006) Fig. 6B ) presumably owing to the same reason as that of the transfection issue. Therefore, it is reasonable and proper to compare the cell viability between Orai1-STIM1 overexpressed cells (with green and red fluorescent, closed down triangle in Fig. 6 ) and nonfluorescent ones (after transfection treatment, filled diamond in Fig. 6 ). The sensitivity of HEK cells to Pb 2þ , including Pb 2þ entry and the following cytotoxicity, is therefore suggested to be correlated to the Orai1-STIM-constructed SOC expression.
As shown in this study, the blocking of both Ca 2þ entry and Pb 2þ entry was not completed by the E106Q Orai1 with STIM1 expression (Figs. 5C and 5F ). This could be due to the following reasons: the endogenous activity of Orai1 and TRPC1 that remains in the HEK cells, the interaction between STIM1 and TRPC1 that contributes to SOCE (Alicia et al., 2008) , and perhaps the Pb 2þ entry. More recently, it has been suggested that Orai1 is functionally required for the store-operated TRPC1-STIM1 channel . It is therefore interesting to further understand the role of TRPCs and the interactions between STIMs and/or Orais to complete the whole knowledge on the molecular mechanism of Pb 2þ entry. In summary, we found that Orai1 plays a dominant role in the process of Pb 2þ entry and the resulting cytotoxicity. We also 
